We describe a new fluorescent polymer system based on a coumarin-triazole functionality. The non-fluorescent 3-azidocoumarin-alkyne monomers are polymerized in a step-growth manner via a Cu (I)-catalyzed 1,3-dipolar cycloaddition (CuAAC) reaction. The process involves the conversion of a quenching azide group to 1,2,3-triazole in the monomer that leads to an increase in the intensity of fluorescence in the new polymer. The solubility and photophysical properties of the polymer were enhanced through co-polymerization with an aliphatic co-monomer.
Introduction
Coumarin derivatives are well known for their fluorescent emission properties in visible light, low toxicity, large Stokes shifts and light stability. These features allow coumarin derivatives to have a wide range of applications in the photoelectronic, medicinal and biological fields, as well as in industry as fluorescent probes. [1] [2] [3] [4] Furthermore, substituents manipulation on the coumarin backbone can lead to a fine-tuning of its emission properties. 5 One of the strategies that have been used to improve the emission properties of coumarin is to include a 1,2,3-triazole ring in the structure which is formed by means of a Cu(I)-catalyzed fluorogenic azide-alkyne 1,3-dipolar cycloaddition, a typical click reaction. 6 The azide group normally causes fluorescent quenching in the coumarin ring, and so its elimination is concomitant with an increase in coumarin fluorescent intensity.
Owing to the synthetic simplicity and modular nature of the reaction, this strategy was also applied in the synthesis of fluorescent polymers containing a coumarin structure where the coumarin units are localized either in the main chains or as pendant groups. 7, 8 However, a major drawback of these polymers is their poor solubility which limits their ease of characterization, property investigations as well as their applications.
Incorporation of desirable groups that can reduce rigidity and polarity of triazole through co-polymerization is one of the strategies utilized to improve the properties of such polymers.
9,10
Herein we describe photophysical properties adjustment of coumarin-containing polymer 4 by incorporating aliphatic chains via CuAAC A-B step growth co-polymerization with co-monomer 6.
Experimental
3-Azido-7-hydroxy-2H-chromen-2-one 2 and monomer 6 were synthesized according to literature procedures. 6,9 1 H-NMR spectra were recorded on 400 MHz Bruker Advance DPX spectrometer in CDCl 3 or d 6 -DMSO, using tetramethylsilane as internal reference. The absorption and emission spectra were recorded at room temperature in dimethylformamide (DMF) on a Perkin Elmer Lambda 35 UV-Vis spectrometer and Perkin Elmer LS 45 fluorescence spectrometer, respectively, using a 1 cm quartz cell. SEC experiments were performed in DMAc at 40°C at a flow rate of 0.5 mL min -1 . Samples were prepared by dissolving 200 mg in 4 mL of DMAc. Number average (M n ) and weights average (M w ) molecular weights were calculated using curves obtained from PMMA standards. Thermogravimetric analysis (TGA) of the polymers was performed at a heating rate of 10°C min -1 in nitrogen atmosphere between 25°C and 600°C. All the solubility and photophysical property studies were performed in triplicate with the same outcomes. For fluorescence studies, dilution of the polymer solutions that were used in the UV-Vis investigations was a requirement in order to obtain high quality spectra.
Synthesis of Monomer 3
In dry acetone (50 mL), 3-azido-7-hydroxy-2H-chromen-2-one 2 (4.06 g, 20 mmol), anhydrous K 2 CO 3 (2.76 g, 20 mmol), and propargyl bromide (2.97 g, 25 mmol) were refluxed overnight at 80 °C. Acetone was removed by evaporation under reduced pressure after cooling the reaction mixture to room temperature. The residue was dissolved in 50 mL of ethyl acetate and washed with water (3 × 30 mL). The combined organic layers were dried over Na 2 SO 4 and concentrated under reduced pressure to afford a crude product, which was purified by column chromatography, using silica gel eluted with 30 % ethyl acetate in hexane, to give monomer 3, as a brown solid. ( 4 .5H 2 O (10 mol% of monomer 3) in a minimum amount of water were also added to the mixture. After stirring at room temperature for 24 h, the solvent was removed under reduced pressure and the residue stirred in water (50 mL) and isolated by vacuum filtration. The resulting brown solid was dissolved in DMF and precipitated twice in diethyl ether to yield polymer 4 and co-polymer 7a as a brown powder.
General Polymerization Reactions
Spectroscopic data for co- 
Results and Discussion
This study started with the synthesis and investigations of the photophysical properties of fluorescent coumarin-containing polytriazole 4. The synthesis of polymer 4 was achieved firstly by preparing the non-fluorescent azide-alkyne functionalized monomer 3 using 2,4-dihydroxybenzaldehyde as starting material. Synthesis and functionalization of coumarin backbone to form monomer 3 was accomplished via the Perkin condensation reaction, 11 acid hydrolysis and Williamson ether synthesis, respectively (Scheme 1).
Monomer 3 was characterized using NMR and MS spectroscopies. The mass spectrum indicated the presence of M+ ion minus N2 for compound 3, due to the harsh analytical conditions which resulted in the expulsion of a nitrogen molecule from the azide functionality (observed previously by other researchers).
12 Figure 1 illustrates the assignment of proton signals in the 1 H-NMR spectrum of monomer 3. The coumarin aromatic protons are clearly observed between 6.3 ppm and 7.8 ppm and the terminal alkyne proton at 3.2 ppm.
Monomer 3 was then subjected to the triazole-forming CuAAC step growth click polymerization reaction to afford polymer 4 in good yield (Scheme 2). 13, 14 The poor solubility of the polytriazole 4 in organic solvents has emerged as a challenge to its NMR spectroscopic characterization which lead to characterization of the polymer using FT-IR spectroscopy as shown in Fig. 2 .
From the FT-IR spectrum, the disappearance of both monomeric terminal alkyne and azide group signals suggest a successful click polymerization of monomer 3 through triazole ring formation.
The poor solubility of poly(coumarin-triazole) 4 also affected the polymerization process of monomer 3 since the polymer precipitated out in the reaction mixture at the oligomer stage resulting in a polymer with low molecular weight. The reason for this poor solubility was attributed to p-p stacking of the coumarin system, the rigid backbone structure of the polymer and the dipolar nature of the resulting 1,2,3-triazole units, 15 which frequently affects the solubility of the triazole-containing material. 16, 17 In order to address the solubility problem of polytriazole 4, an RESEARCH ARTICLE J.M.V. Ngororabanga, J. Okerio and N. Mama, 90 S. Afr. J. Chem., 2017, 70, 89-93, <http://journals.sabinet.co.za/sajchem/>. alkyl chain with 11 carbons was incorporated onto the polymer chain to reduce the inter-chain interaction and also the rigidity of the polymer backbone. This was achieved via co-polymerization of monomer 3 with the azide-alkyne functionalized aliphatic monomer 6 with different feeding ratios of the two monomers (Scheme 3). Five co-polymers 7a-e were thus synthesized. Notable for all co-polymers are the two proton signals observed in the 1 H-NMR spectrum for the expected two triazole rings (Fig. 3) . The proton signal of the triazole ring adjacent to the coumarin unit, X 1 (more deshielded) was observed between 8.81 ppm and 8.73 ppm, and that of the triazole situated between the two methylene groups, X 2 between 8.45 ppm and 8.56 ppm (copolymer 7c is used as an illustrative example in Fig. 3) .
The solubility studies were carried out on five synthesized co-polymers and polytriazole 4 in polar and non-polar solvents (Table 1) . Pleasingly, the solubility of the polymers increased with the amount of the aliphatic content in the polymers. The increase in solubility could be attributed to the introduction of the aliphatic chain which increases the distance between two consecutive coumarin-triazole moieties, simultaneously affecting the polymer chain rigidity and inter-chain cohesion.
The ratio of the coumarin and aliphatic units on the co-RESEARCH ARTICLE J.M.V. Ngororabanga, J. Okerio and N. Mama, 91 S. Afr. J. Chem., 2017, 70, 89-93, <http://journals.sabinet.co.za/sajchem/>. polymer chains was estimated from the integrals of the proton signals of the two triazole rings (X 1 and X 2 ). All co-polymers 7a-e (Table 2 ) exhibited more aliphatic units than coumarin units irrespective of the increase on the feeding amounts of the coumarin monomer at the start of polymerization. This observation can be attributed to the increased reactivity of monomer 6 due to its higher solubility compared to the monomer 3.
The improved solubility from aliphatic chain incorporation also had a significant impact on the polymerization process. This was supported by SEC results which indicated higher M n and M w values for the co-polymers with higher aliphatic co-monomer content, as shown in Table 3 . Contrary to the polytriazole 4 synthesis which suffers short chains agglomeration at the oligomer stage, the improved solubility of co-polymers at the oligomer stage allows more monomers to add to the growing polymer chains during polymerization which results in longer polymer chains.
Similarly, the photophysical properties of polytriazole 4 has been greatly affected by the inclusion of the aliphatic co-monomer 6 (Fig. 4) . The absorption measurement for all polymers showed a characteristic absorption band at around 340 nm in DMF, which corresponded to the p-p* transitions of the coumarin moiety. As noted from the emission spectra, the photophysical properties of polytriazole 4 were strongly dependent on the amount of aliphatic co-monomer 6 units present in the co-polymer. Increasing the amount of co-monomer 6 from co-polymer 7e to 7c had the effect of increasing the solubility in the same order. Increased solubility of the co-polymers translates into an increased amount of chromophores in solution and hence the observed increase in the emission intensities when moving from 7e to 7c.
Contrary to co-polymers 7a and 7b, which show the highest solubility, these polymers exhibit reduced absorption and emission intensities compared with 7c due to the lowest coumarin content in the polymer chains ( Table 1 ). The coumarin-based monomer 3 showed less fluorescence compared to the corresponding homo-polymer 4 due to the quenching effect of the azide group. This effect was eliminated by converting the azide moiety into a triazole ring on the polymer. 6 Other properties of polymer 4 were also adjusted by the inclusion of the aliphatic co-monomer. This is in agreement with reports from the literature. 9 Thermal properties were affected by RESEARCH ARTICLE J.M.V. Ngororabanga, J. Okerio and N. Mama, 92 S. Afr. J. Chem., 2017, 70, 89-93, <http://journals.sabinet.co.za/sajchem/>. 
Figure 4
Absorption and emission spectra of monomer 3, co-polymers 7a-e and homo-polymer 4 in DMF at 25°C. The conc. was 1.0 × 10 -6 M and the excitation wavelength was 350 nm. The experiments were repeated three times with the same observable results. the increasing amounts of aliphatic co-monomer, and it was observed that the amounts of residual mass decreases as the amount of aliphatic co-monomer increases (Fig. 5 ). This confirms that the aliphatic units effectively reduce the rigidity of the polymers, and hence the observed changes in the properties of the co-polymers.
Conclusion
A new fluorescent polymer system based on the coumarintriazole functionality has been synthesized. We have shown the impact of aliphatic co-monomers on the solubility of this polymer that result in the adjustment of photophysical and thermal properties. In summary, the inclusion of co-monomers with desirable functionalities and properties can effectively transfer such properties to a co-polymer, and give rise to tailored polymers with better properties.
